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tRNA at Position 16
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The ribosome is a large multifunctional RNA:protein complex that interacts 
w ith tRNAs during  protein synthesis. In this study the interactions betw een 
ribosomal RNA and the central fold region of tRNA w ere examined. A 
m anufactured tRNA w ith  4-thiouracil at position 16 w as constructed by chemical 
synthesis, T7 RNAP in vitro transcription and ligation. A chemical nuclease, 5- 
iodoacetamido-l,10-orf/îophenanthroline (loP), w as covalently attached to 4- 
thiouracil at position 16 of a synthetic tRNA. W hen tethered phenanthroline is 
coordinated w ith  copper (II) under reducing conditions, it docks into and cleaves 
RNA, especially in strained single stranded regions. This tRNA-oP:copper (II) 
complex w as used to localize regions of 23S rRNA proxim al to the central fold 
region of tRNA, while bound to the A-site, P-site, and E-site of the ribosome. All 
the cleavage sites were found at loop regions in dom ain V of 23S rRNA, 
including the peptidyl transferase center, the G2112 pseudoknot region, and the 
loop region betw een helices 81 and 83.
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In troduction
Background
Ribosomes w ere first discovered in the 1950s as cellular com ponents 
during  investigations of cellular structure and com position using fractionation 
m ethods and electron microscopy (Tissieres et al., 1974). In the late 1950s, 
biochemical studies on protein synthesis suggested that ribosomes w ere 
responsible for catalyzing protein synthesis and all metabolically active cells 
contain ribosomes. The ribosome is a multifunctional ribonucleoprotein particle 
that uses mRNA tem plates and aminoacyl tRNAs as substrates to translate 
inform ation stored in the genetic material into proteins. A m ong different species, 
although there are variations in size and num ber of proteins, all ribosomes have 
tw o subunits. The large subunit is about twice the size of the small subunit. In 
prokaryotes, the small subunit (30S) consists of a single RNA (16S rRNA) about 
1500 nucleotides long and about 20 different protein molecules. It positions the 
mRNA tem plate and facilitates correct pairing betw een the mRNA and the 
aminoacyl tRNA. The large subunit (50S) contains two RNA chains (23S rRNA 
and 53 rRNA) and m ore than 30 different protein molecules. The 23S rRNA has 
about 2900 nucleotides and  5S rRNA has about 120 nucleotides. Except that one 
large subunit protein (L7/L12) is present in 4 copies, all the others are present as 
single copies. The typical prokaryotic ribosome (70S) is com posed of roughly 
tw o-thirds RNA and one-third protein by weight. It has a diam eter of about 250
A, and  a molecular w eight of approxim ately 2.5x10^ daltons. The ribosome, 
together w ith  its translational factors, can translate about 12 am ino acids per 
second (Sorensen et al., 1989), and therefore may be the m ost efficient and 
com plicated m achine ever made. This complexity apparently  arose a t a very 
early stage in evolution, which can be dated back to three billion years ago. In 
order to elucidate how  ribosomes work, the essential features of ribosom es have 
been analyzed using biophysical, biochemical, genetic and im m unological 
m ethods.
Currently, the m ost extensively used biophysical m ethods to study  the 
ribosom e are cryo-electron microscopy and X-ray crystallography. The first 
crystals of ribosomal subunits w ere reported in 1982 by H. G. W ittm ann and Ada 
Yonath (W ittm ann et al., 1982). Since then, ribosome or ribosom al subunit 
crystals have been produced by several laboratories. The developm ent of high- 
intensity synchrotron radiation sources, and  the availability of com puting pow er 
and com puter software that can process ribosome-size data sets have also been 
instrum ental in  m aking atomic-level resolution, three-dim ensional structures of 
the ribosome and  ribosom al subunits possible to obtain.
A nother obstacle for X-ray crystallographers to overcome w as the phase 
problem , w hich is essential to determ ine the positions of defracting particles. In 
the last tw o years, the structures of 30S and 50S subunits w ere determ ined at
about 3 Â by several groups (Ban et al., 2000; Schluenzen et al., 2000; W imberly et 
al., 2000) and a structure of the 70S ribosome w ith  three tRNAs w as also reported 
a t 5.5 Â (Yusupov et al., 2001). Based on this trem endous am ount of inform ation 
on structure, together w ith several decades w orth  of biochemical data, w e are 
poised to ask and answ er several functional questions about ribosome. For 
example, w hat is the m echanism  of peptidyl transferase activity (Nissen et al., 
2000; M uth et al., 2000)? H ow  do ribosome-based antibiotics work? H ow  do the 
tRNA anticodon end, the mRNA, and the decoding region of 165 rRNA interact 
w ith  each other (Carter et al., 2000; Ogle et al., 2001)?
R ibosom e architectures
The overall shape of the 305 subunit in three-dim ensional X-ray 
crystallographic structures is very similar to images derived from  cryo-electron 
microscopy and appears to be closer to the 505-bound form  (Gabashvili et al., 
2000) than  the free 305 form. The 165 rRNA determ ines the gross m orphological 
features of the subunit, as the skeleton of the structure. All of the small subunit 
ribosomal proteins are distributed on the outer surface of the 305, except that 
some of them  (510, 512, 517, 59, 511,513 and 519) have a portion that penetrates 
into the 165 rRNA (W imberly et al., 2000). Viewed from  the subunit interface 
side (Fig. 1.1), the tertiary structure of 165 RNA shows four m orphological 
dom ains as does its secondary structure (Fig. 1.1, Fig. 1.2). They are the head
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Fig. 1.1 The crystal structure of 30S ribosomal subunit (Wimberly et al., 
2000) from  T. thermophilus
Blue: 5’ domain;
Green: central domain; 
Purple: 3’ major domain; 
Red: 3’ minor domain.
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Fig. 1.2 The secondary structure o f 16S rRNA from T. thermophilus
Blue: 5’ domain;
Green: central domain;
Purple: 3’ major domain;
Red: 3’ minor domain.
w ith  a beak pointing leftw ards (3' major domain), the body w ith  the shoulder at 
top left and  the spur at low er left (5' domain), the platform  a t top right (the 
central domain), and the long helix at the subunit interface (the 3' m inor domain) 
(Wimberly et al., 2000). The four dom ains of the 16S RNA m eet each other at a 
central point in the neck region of the subunit, w hich is show n by cryo-EM to be 
the center of m ovem ent of the 30S ribosomal subunit during  translation (Frank 
and Agrawal, 2000). The m odular design of 30S also suggests the relative 
m ovem ent am ong the dom ains during  protein synthesis.
The 50S, on the other hand, morphologically, is a large, monolithic, single­
dom ain structure. Seven secondary structure dom ains (including 55) of 505 
rRNAs are fitted together form ing a hem isphere body w ith  three protuberances 
on the top portion (Ban et al., 2000) (Fig. 1.3,1.4). The 505 ribosom al proteins are 
evenly distributed on the solvent side of the subunit and  the edge of the subunit 
interface, leaving a large exposed ribosomal RNA-rich surface a t the interface. 
Viewed from  the subunit interface side (Fig. 1.3), the 505 has a crow n shape w ith  
the hem isphere shaped body, the central protuberance in the upper m iddle, LI 
stalk (LI and its 235 rRNA binding site) on the upper left and  the L7/L12 stalk 
on the upper right. The interface is rather flat, w ith  a long RNA ridge across the 
surface. Behind this ridge lies a deep cleft that is big enough to accom m odate the 
acceptor stem s of three tRNA molecules. At the bottom  of the cleft, there is a 
tunnel about 100 A in  length and 15 À in diam eter. The peptidyl transferase
Central protuberance
L7/L12 stalk
Fig. 1.3 Crystal structures of the 50S ribosomal subunit of Haloarcula 
marismortui (LI and  p a rt of dom ain V is missing) (Ban et al., 2000)
(a): view ed from  the interface, (b): view ed from the L7/L12 side, (c): 
view ed from  the top. RNA: ribbon; protein: backbone; red: dom ain IV 
of 23S rRNA; green: dom ain V of 23S rRNA.
catalytic center is located in the cleft close to the upper opening of the peptide 
exit channel. Because there is no protein located near this region, peptide bond 
form ation has to be catalyzed by RNA. Therefore, the ribosom e is a ribozym e 
(Ban et al., 2000).
The 70S crystal structure show ed that there are eleven RNA involved 
bridges and one protein-protein bridge connecting the 30S and  50S subunits 
(Yusupov et al., 2001). Two of them  are at the head region and central 
protuberance region; the rest lie betw een the tw o bodies of the 30S and 50S 
subunits. O n the body part of the 308 interface, the interactions are mainly 
located at the penultim ate stem  loop and the regions on the platform  side of the 
penultim ate stem  loop. O n the 505 interface side, the region betw een the A site 
tRNA and E site is the area that interacts w ith  the 30S subunit. A m ong these 
bridges, the only protein-protein bridge is form ed by 813 and L5. The 
distribution of connections between subunits suggests that ribosom al subunits 
are in closer contact on the tRNA exiting side and m ore open on the EF-Tu, EF-G 
binding side in the crystal.
tRNA  b in d in g  sites on  the  ribosom e
In 1964, W atson proposed w hat is now  considered the classical m odel of 
translation (Watson, 1964). It contained binding sites for tRNA on the ribosome:
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Fig. 1.4 Secondary structure of 23S rRNA from H. marismortui.
Green: dom ain IV;
Red: dom ain V.
the P-site and the A-site. The P-site is for peptidyl-tRNA binding. The A-site is 
for the incoming cognate aminoacy 1-tRNA binding. Later, another site, the exit 
site, or E-site, w as added  to the m odel (Grajevskaja et al., 1982; Kirillov et al., 
1983; Lill e t al., 1984; Rheinberger et al., 1981; Kirillov and Semenkov Yu, 1986). 
The E-site is w here the deacylated tRNA binds before it exits the ribosome.
In 2001, the NoUer group solved the crystal structure of the 70S ribosome
w ith  three bound tRNAs a t 5.5 Â resolution, w hich provided an  im m ense
am ount of detail about tRNA binding sites and  their relative positions (Yusupov 
et al., 2001). In general, tRNAs are surrounded predom inantly  by ribosom al RNA 
in the three binding sites. A-, P-, E-site tRNAs are aligned on the subunit 
interface w ith  their anticodon ends bound in the RNA-rich groove betw een the 
head, body, and platform  of 30S. The rest of all three tRNAs, including their D 
stems, elbows, and acceptor arms, interact w ith the 50S subunit (Fig. 1.5) 
(Yusupov et al., 2001). The anticodon stem  loop backbones of the A- and P- 
tRNAs are at least 10 Â apart, while the anticodon stem  backbones of the P- and 
E-tRNAs are about 6 Â apart. A kink in the mRNA back-bone of about 45® 
betw een the A and P codons allows the sim ultaneous base pairing betw een the 
codon and the anticodon at both the A and P sites. The acceptor arm s of the A 
and P tRNAs reach dow n into the peptidyl transferase cavity behind the long 
rRNA ridge, w ith  their acceptor ends being 5 Â apart. The elbow and  acceptor 
arm  of the E-tRNA are rotated substantially aw ay from  the P-tRNA, pointing 
tow ard  a cleft next to the LI stalk, w ith  its acceptor end nearly 50 Â from  that of 
the P-tRNA. The planar angle of the A- and P- tRNAs is about 26®, and that of the 
P- and E-tRNAs is 46®. If these three tRNA binding sites in  the crystal represent 
real tRNA binding states in vivo, then the structural data indicate tha t during  
translocation, the anticodon end of tRNA moves about 28 Â betw een the A and  P 
sites, and  20 Â betw een the P and E sites. The elbow m oves th rough 40 and 55 Â, 
as it transits from  A to P to E (Yusupov et al., 2001).
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Fig. 1.5 Crystal structure of the tRNA-ribosome complex from T. 
thermophilus (Yusupov et al., 2001)
(a): top view  of the tRNA-ribosome complex;
(b): the tRNA-50S complex;
(c): the tRNA-30S complex; 
the A site tRNA: gold; 
the P site tRNA: light red; 
the E site tRNA: dark red.
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tRNA binding sites on the ribosome w ere also studied  by cryo-electron 
microscopy. It w as determ ined that under different buffer conditions, tRNAs 
prefer different sites on the ribosome (Agrawal et al., 1999). W ith low  
m agnesium  concentration and polyamine, images of tRNA-ribosome complexes 
in the pre- and  posttranslocational states were obtained at the resolution of 17 Â 
(Agrawal et al., 2000). This m odel show ed that the CCA end of A-site tRNA 
binds at a different position before (A) and after (Apep) peptide bond form ation 
w ith  the distance of 10 (±3) Â at n t 76 of tRNA. The distance betw een the CCA 
end of Apep-site and  P-site tRNA, P-site and E-site tRNA are 17 (±3) Â and 60 (±3) 
Â respectively. The planar angle of the A- and Apep-tRNAs is about 8°, that of the 
Apep- and P- tRNAs is about 39°, and that of the P- and  E-tRNAs is 35° (Agrawal 
et al., 2000).
A lthough crystal structures have provided trem endous details about the 
tRNA-ribosome complex in a static condition, the problem  rem ains that the 
ribosome is a m oving machine. Cryo-EM images already have alluded to the 
dynam ic nature of the ribosom e (Frank and Agrawal, 2000), as have biochemical 
data, such as the conform ational switch in the 30S du ring  decoding (Fourmy et 
al., 1996; Lodmell and Dahlberg, 1997; Pape et al., 2000), the conform ational 
change from  the inactive to active state of the ribosom e (M uth et al., 2000; Weller 
and Hill, 1992). It is not difficult to im agine that w e still have long w ay to go to 
really understand how  tRNAs interact w ith  the dynam ic ribosom e in vivo.
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Biochemical m ethods represent a w ay to study the dynam ic nature of the 
ribosome in more physiological conditions. This m ethodology includes chemical 
protection, chemical nuclease, and crosslinking studies. Chemical protection and 
crosslinking studies have been used extensively to m ap these tRNA binding
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Fig. 1.6 Chemical m odification data, w hen tRNA is bound at the A site (Bertram 
et al., 1983; D outhw aite et al., 1983).
Blue: bases tha t w ere protected from  chemical m odification upon 
binding to the A site.
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sites. Chemical protection data show ed that w hen tRNA w as bound to the A-site, 
the D-Ioop (G18, G19, A21), anticodon loop and  acceptor end (C74, C75) regions 
of tRNA w ere protected by the ribosome (Fig.1.6) (Bertram et al., 1983; 
D outhw aite et al., 1983). M eanwhile, the 530 loop (G529, U530) and penultim ate
i> 3 '  
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Fig. 1.7 Chemical modification data, w hen tRNA is bound at the P site (Peattie 
and H err, 1981)
Blue: bases that w ere protected from  chemical modification upon  binding. 
Red: bases tha t w ere m ore prone to modification upon binding.
stem  loop region (A1492, A1493, A1408, G1494) in 16S were protected by A-site 
tRNA (M oazed and Noller, 1986; M oazed and NoUer, 1990). W hen tRNA w as
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bound to the P-site, the acceptor end (C74, C75) of tRNA w as strongly protected, 
w hile a strong enhancem ent of modification w as detected at G24 and G46 (Fig. 
1.7) (Peattie and  H err, 1981). In 16S, the 690 loop (G693), 790 loop (A794, C795), 
G926 and G1401 w ere strongly protected. Some w eak protections w ere also 
detected at A532, G966, A1339 and G1338 (M oazed and Noller, 1986; M oazed 
and Noller, 1990). For 23S rRNA, the 2250 loop region (G2252, G2253), peptidyl 
transferase loop region (A2451, U2506, U2585), and  A2439 w ere protected, and 
U2602 became m ore prone to chemical modification (M oazed and Noller, 1991). 
M ost of these protections are due to the CCA end of P-site tRNA, since they 
disappeared w ith  tRNA lacking its 3' term inal CA.
In the E-site, tRNA binding protected G2112, G2116, A2169 and  C2394 in 
23S rRNA (M oazed and Noller, 1989b).
Based mainly on chemical protection data, the Noller group proposed a 
m odel for translation called the H ybrid States m odel (M oazed and  Noller, 1989b; 
Green and  Noller, 1997; Noller, 1993; O dom  et al., 1990). This m odel envisioned 
three tRNA binding sites on the 50S subunit, the A, P, and  E sites, and tw o sites 
on the 30S, the A and P sites. After peptide bond form ation and before 
translocation, the acceptor end of A-site tRNA is m oved to P site of the 50S 
subunit, w hile its anticodon end is still in the A site of the 30S subunit. A t the 
same time, the acceptor end of P-site tRNA is m oved to the E site, w hile its
15
anticodon end is still in the P site of the 30S subunit. These states are defined as 
hybrid  states: A /P  site and P /E  site. After EF-G initiates translocation, these two 
tRNAs move to the classical E-site and  P-site respectively. In sum m ary, the m ain 
feature of this m odel is that the tw o ends of tRNA do not m ove sim ultaneously 
during  translation, and that as the tRNA transits the ribosome, it encounters 
several different environm ents on the ribosome.
The N ierhaus group has proposed another m odel for tRNA transit 
through the ribosome, called the a /  e model, based m ainly on neutron-scattering 
(proton-spin contrast-variation) data and phosphate backbone protection pattern  
of tRNA upon binding to the ribosome (Nierhaus et al., 1998; Dabrowski et al., 
1996). The neutron-scattering m ethod can directly determ ine the location of the 
tRNAs w ithin  the elongating ribosome by determ ining the m ass center of bound 
tRNAs. They observed that for a ribosome w ith tw o tRNAs bound, there w ere no 
changes in the m utual arrangem ent betw een the tRNAs during  translocation. 
Also, the protection patterns of a tRNA before and after translocation w as not 
significantly different (Dabrowski et al., 1996). So they proposed that in the a / s  
m odel, local dom ains of the ribosom e carry tRNAs from  the A site to the P site 
during  translocation. tRNAs transit w ithout changing their local environm ents.
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Crosslinking has been used extensively to m ap the paths of tRNA and 
mRNA through the ribosome. Results from  previous studies are sum m arized in 
table 1.1 .
TRNA
P site A site E site
30S 50S 30S 50S 30S 50S
Anticodon
loop
C1400, 
693, 957, 
966,
1338,S13, 
S19, S7, 
S l l
1378,
936,
S7,
S l l
693,
1376,1378, 
30 NT of 
16S3' 
term inal, 
S l l ,  S7
CCA end 
w ith
am ino acid
A2451, C2452, 
G1945, U2506, 
U2585,A2439, 
L15, L16, L27
U2506,
2584,U2
585,
A2439,
L27
C242
2,
L33
Central
fold
1338,1339 
,687- 
727,1318, 
1350,
S19, S7, 
S9, S13
2111,2112, 
1845-1892, 
2282, 2358, 
2242, 2461, 
2488, 2539, 
2572, 2603, 
A2309, LI, L27, 
L5, L16, L33
S19 877-913,
865-910,
1892,
1945,
2461,
2488,
2539,
2572,
2603,
L16, L27
687- 727, 
1350, 
1387, S7
2242,
2461,
2488,
2539,
LI,
L33,
Table 1.1 Sum m ary of crosslinking data (Ciesiolka et al., 1985; D enm an et al., 
1988; D oring et al., 1994; Lin et al., 1984; Mitchell et al., 1993; O ssw ald et al., 1995; 
Prince et al., 1982; Rinke-Appel et al., 1995; Rosen et al., 1993; Steiner et al., 1988; 
W ower et al., 1989; W ower et al., 2000; W ower et al., 1990)
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The interactions betw een tRNA and rRNA not only serve to place tRNAs 
on the ribosome bu t also are directly involved in functional processes such as 
aminoacyl-tRNA selection, m aintaining the correct reading frame, translocation, 
and  catalysis of peptide bond formation. Therefore, know ledge of the molecular 
interactions betw een tRNA and the ribosom e provides a structural basis for 
deriving the m echanism s of these functional processes.
C u(II):phenanthroline com plexes (Fig. 1.8)
Ample evidence has show n that Cu(II) iphenanthroline under reducing 
conditions can cleave DNA, RNA and protein by producing hydroxyl radicals 
(Chen and Sigman, 1987; M urakaw a et al., 1989; Pope and Sigman, 1984). U nder 
m ild reducing conditions, the hydroxyl radical produced rem ains attached to the 
copper-phenanthroline complex (Sigman et al., 1996) and creates a localized 
unique cleavage pattern  on proximal DNA, RNA or proteins. Free copper- 
phenanthroline forms a bis-complex, which switches its conform ation from  
tetrahedral to planar, w hen copper(II) is reduced to copper(I) (Fig. 1.8) (Sigman 
et al., 1993). For DNA cleavage, this bis-complex intercalates into the m inor 
groove of DNA double standed helix, oxidizes the ribose, and ultim ately causes 
the breakage of a phosphodiester bond in the backbone (Gallagher et al., 1996).
For RNA, cleavage proceeds som ew hat differently. The RNA A-form helix 
has a shallower m inor groove, so copper-phenanthroline com plex can only
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A. B.
Cu Cu
Cu(II):phenanthroline bis-complex 
(tetrahedral)
Cu(I):phenanthroIine bis- 
complex (planar)
C.
Cu(II):IoP mono-complex
Fig. 1.8 Copperiphenanthroline complexes
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partially intercalate into the m inor groove of the RNA stand (M azum der et al., 
1992). Because this partial intercalation is less stable than  tha t form ed in the DNA 
copper-phenanthroline complex, the rate of stand scission on an  A-form helix is 
only about 10-20% of that on a B-form helix under com parable conditions (Pope 
and Sigman, 1984). 5-substituted phenanthroline tethered to tRNA or mRNA 
through a 4-thiouracil residue (Bucklin et al., 1997; Bullard et al., 1995; Bullard et 
al., 1998) or to DNA oligos through a thiophosphate oligodeoxynucleotide 
(Francois et al., 1989), can only form  a mono-complex (Chen and Sigman, 1986). 
This mono-complex has more structure specificity relative to the bis complex. It 
prefers the loop regions of RNA, which are often heavily involved in  tertiary 
interactions (M urakawa et al., 1989). Com pared to other chemical nucleases, such 
as iron;EDTA, the directed cleavages of RNA due to copperiphenanthroline are 
m ore localized bu t less robust (Bowen et al., 2001).
Related previous w ork  in  our laboratory
M ainly tw o approaches have been used in our laboratory to study the 
interactions of tRNA and the ribosome. One has been to use com plem entary 
DNA oligo interference (Lodmell et al., 1993; M arconi and Hill, 1988; M arconi 
and Hill, 1989; W eller and Hill, 1992) to investigate im portant single stranded 
regions of ribosom al RNA for tRNA binding. The other has been to use 
phenanthroline in various capacities. This chemical nuclease has been directed to 
the bases interacting w ith  tRNA by tethering it to a com plem entary DNA oligo
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or m RNA A site codon, to explore the environm ent of tRNA and  mRNA binding 
sites (Bucklin et al., 1997; M uth et al., 2000). Phenanthroline has also been 
tethered to the tRNA directly, by in vitro transcribing tRNA w ith  random ly 
incorporated 4-thiouracil (Bullard et al., 1995). The num ber of 4-thio uridines 
incorporated into the tRNA transcripts w as determ ined to be around four. This 
m ethod yielded a large am ount of inform ation about ribosome-tRNA 
interactions (118 cleavage sites). A lthough 118 cleavage sites representing areas 
of close tRNA-rRNA proxim ity were identified, it w as difficult to precisely 
position the tRNA on the ribosome because of the random ness of incorporation. 
This is the rationale for the present study. We reasoned that a specifically 
incorporated cleavage reagent on the tRNA w ould help us m ap a path  of a 
defined region of the tRNA through the ribosome.
O bjectives and  experim ental design
The broad objective of this project is to contribute to our fundam ental 
understanding of how  the ribosome works. Crystal structures of the ribosome 
have given a fairly detailed picture of the static ribosome. O ther approaches will 
be required to appreciate the dynam ic nature of the ribosome.
In this project w e focus on w here the tRNAs interact w ith  the ribosome 
and how  they m ove through the ribosome. A novel tRNA containing nuclease 
activity w as utilized to achieve this goal. We constructed this tRNA w ith  a single
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m odified base, 4-thio-uracil, at position 16, to w hich phenanthroline w as 
attached. This tRNA w as then bound to the ribosome at one or m ore of the 
know n tRNA binding sites. In reducing conditions, the copper:phenanthroline 
complex cleaves RNA that is in close proximity. By detecting the cleavage sites 
caused by the tRNA-bound phenanthroline, w e w ere able to m ap regions of 
interaction betw een rRNA and position 16 of tRNA.
Sum m ary of experim ental approach
Construction o f a deacylated tRNA to use as a ribosome-specific nuclease
4-Thiouracil is incorporated at position 16 of tRNA by the following steps: 
First, tw o fragm ents of tRNA were m ade separately by chemical synthesis and 
T7 in vitro transcription. One m odified base, 4-thiouracil, w as incorporated at 
position 16 during  chemical synthesis. Then, the full length tRNA w as obtained 
by ligating the chemically synthesized and the in vitro transcribed segm ents 
together w ith  T4 RNA ligase (or T4 DNA ligase in the presence of a DNA bridge; 
see M aterials and M ethods and Results). Phenanthroline can be easily attached to 
the 4-thio-uracil of position 16 at room  tem perature in the dark. Therefore, a 
ribosome-specific nuclease is formed.
Probing the ribosomal RNA surrounding tRNA position 16 at the P site, A  site and E 
sites o f the ribosome
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The derivatized tRNAs w ere selectively placed in the know n tRNA 
binding sites w here they w ere activated to effect the cleavage reaction. The first 
m olar equivalent of deacylated tRNA binds to the P site of the ribosome. A site 
binding can be achieved by prefilling the P site w ith  deacylated tRNA, then 
adding  am inoacyl tRNA. For deacylated tRNA binding to the E site, the P site is 
prefilled by am inoacylated tRNA first. After tRNAs are bound, the cleavage 
reaction is initiated by adding  Cu(II) and  thiol reducing agent. Cleavage sites 
were determ ined by prim er extension.
Two side projects, w hich are closely related to the m ain project, are 
described as followed.
Probing the ribosomal RNA with native E. coli tRNAP^ioP complex
E. coli tRNAphe has one naturally occurring 4-thiouracil a t the position 8, 
w hich is located at the inner elbow region of tRNA (see Fig. 3.13). loP w as also 
attached to it and used to probe the local rRNA environm ent around  position 8, 
w hen tRNA was bound a t the P or E sites.
Probing the tRNA-ribosome complex with free loP in the presence oftylosin
Tylosin is a 16-membered ring m acrolide antibiotic (Fig. 1.9). It binds to 
the 50S ribosom e subunit and inhibits peptide bond form ation (Corcoran et al..
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1977). The relationship betw een structure and binding ability w as investigated 
using several structurally related com pounds (Om ura et al., 1983), In a 
cell free system, the kinetics of ribosome binding w ere also investigated. The 
data suggested that tylosin inhibits the purom ycin reaction as a slow-binding, 
slowly reversible inhibitor (Dinos and Kalpaxis, 2000). H ere w e used free loP to 
probe the tRNA-ribosome complex w ith  or w ithout tylosin, because tylosin 
interacts w ith  the 50S subunit, interferes w ith peptide bond form ation, and  it is 
possible that it functions by interacting w ith  23S rRNA a n d /o r  tRNA. In 
particular, w e became interested in tylosin, w hen our prelim inary results show ed 
that tRNA-oP cleaved in a know n tylosin binding site.
/t— 0
CHg —C — H
Ch^O OCH3
0
H O. H II
C - C - O H
1
^ C - C - O H  
HO H ^
Fig. 1.9 The structure of tylosin tartrate
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M aterials and  M ethods
Ribosom e preparation
Ribosomes w ere prepared from  RNase I deficient strain E. coli MRE 600 by 
a m ethod derived from  Tam (Tam et al., 1981) and Lodmell (Lodmell et al., 1993). 
E. coli MRE 600 cells w ere grow n to early log phase in standard  Luria broth  at 
37°C under vigorous agitation. The cells were harvested by filtering the culture 
th rough  M illipore Pellicon cassette system, w ashed w ith  w ash  and crack buffer 
(10 mM  Tris-CI, pH  7.4, 500 mM N H 4CI and 15 mM MgCb), pelleted at 10,000 
rpm  (Sorvall GSA rotor) for 10 m inutes and then stored frozen at -80 until 
used.
The following steps in ribosome preparation w ere all perform ed at 4 ®C. 
Cells (15 to 20 grams) w ere thawed, mixed w ith alum ina and  d isrupted  by 
continuous grinding w ith a pestle in a m ortar for one hour. In order to get the 
best grinding effect, alum ina w as added as m uch as needed to keep the m ixture 
paste-like. W ash and crack buffer (50 ml) w ere added  to the m ixture at the end of 
grinding to make the m ixture pourable. Cell debris and alum ina w ere pelleted by 
centrifugation at 10,000 rpm  (Sorvall SS34 rotor) for 10 m inutes. The supernatant 
w as further purified and  concentrated by differential centrifugation. In 
particular, the supernatan t w as centrifuged at 28,000 rpm  (Ti 70 rotor) for 30 
m inutes to rem ove particles bigger than  ribosomes, then  the particles smaller
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than  ribosom es w ere rem oved by pelleting ribosomes out w ith  centrifugation at 
60,000 rpm  (Ti 70 rotor) for 2.5 hours. After repeating these tw o steps one m ore 
time, the ribosom e pellets containing polysomes, ribosomes, and  ribosomal 
subunits, w ere w ashed and  gently dissolved in 22.5 ml TC70 buffer (10 mM  Tris- 
CI, pH  7.4, 60 mM  KCl and 6mM MgCb).
Zonal centrifugation was perform ed to separate the polysom es, the 
ribosomes, and the ribosomal subunits. DEPC (2.5 ml) treated 50% sucrose (in 
TC70 buffer) w as added  to the 22.5 ml ribosome solution to m ake 5% final 
concentration. This sample, 10%-38% sucrose gradient and  50% sucrose cushion 
w ere loaded into a T il4 rotor sequentially. After 3.5-hour spin a t 45,000 rpm , the 
gradient w as unloaded by pushing cold w ater into the rotor. Fractions of the 
gradient w ere collected in a Gilson fraction collector and analyzed for absorbance 
at 280 nm  w ith an in-line spectrophotom eter (Chromatronix). The 70S fractions 
w ere pooled and pelleted by centrifuging at 60,000 rpm  (Ti 70). The 
centrifugation time w as determ ined by the following formula:
Centrifugation tim e (hour) = 59 .88/[70*(1.004/ A)]
A = viscosity of the solution
The resulting ribosom e pellet w as resuspended in  1-2 ml of TC70 buffer 
and dialyzed against 2 L of the sam e buffer overnight to rem ove the small
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am ount of sucrose. For efficient dialysis, the buffer w as changed once after the 
first tw o hours. The quality of TC70S ribosomes w as analyzed by tRNA filter 
b inding assay, analytical centrifugation, and  denaturing polyacrylam ide gel 
electrophoresis of extracted rRNA. Ribosomes w ere then aliquoted and stored 
frozen a t -80®C.
Manufactured tRNÂ *»® construction
The m anufactured tRNA^^® has only one m odified base, 4-thiouracil, at 
position 16. It w as constructed by first m aking tw o portions of tRNA, one of 
w hich contained die m odified nucleotide, and then ligating them  together. Two 
m ethods w ere utilized to m ake the m anufactured tRNA*^.
tRNA construction using T4 DNA ligase
17-mer
y ------------------------------------------- :------------------------------------------------------------ 5’
DNA Bridge
Fig. 2.1 The scheme of tRNA construction using T4 DNA ligase
17-mer: chemically synthesized tRNA fragm ent w ith 4-thiouracil a t 
position 16;
59-mer: in vitro transcribed tRNA fragm ent w ith  T7 RNA polymerase.
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Using this approach the ligation point is betw een residue 17 and residue 
18 (Fig. 2.1). So the tw o fragm ents are com prised of residues 1-17 (17-mer) and 
residues 18-76 (59-mer). The 17-mer w ith  4-thiouracil a t position 16 was 
chemically synthesized (Dharmacon) and came in as a protected form. 
Deprotection w as carried out in lOOmM acetic acid, adjusted to pH  3.8 w ith 
TEMED, at 60°C for 30 minutes. The 59-mer w as in vitro transcribed w ith  T7 
RNA polym erase under the following conditions: 0.18 pM tem plate, 40 mM  Tris- 
HCl, pH  8.0, 22 mM  M gCb, 5 mM  DTT, 1 mM  sperm idine, 0.1% triton X-100, 
0.05m g/ ml BSA, 4 mM  of each NTP, 20 mM  GMP, 30,000 units of T7 RNA 
polym erase (purified by James Bullard). After the reaction m ixture w as 
incubated at 42°C for 4 hours, 8 pi DNase I w as added  and incubation continued 
for an  additional hour. Then phenol chloroform  extraction w as applied to 
rem ove protein.
The m anufactured tRNA was then prepared by ligating these tw o pieces 
together w ith  T4 DNA ligase and a 76-mer DNA bridge (Fig. 2.1). Equal am ounts 
of 5' 17-mer, 3' 59-mer and DNA bridge w ere heated to 90 °C for 1 m inute in 
hybridization buffer (10 mM Tris-HCl, pH7.5, 50 mM  KCl, 1 mM  EDTA), then 
slow cooled to room  tem perature. T4 DNA ligase (Takara Biomedicals) w as 
added  and the reaction w as perform ed in ligation buffer (50 mM  Tris-CI, pH  7.5, 
10 mM  MgC12, 10 mM  DTT, 1 mM  ATP, and 0.006% BSA) at 16 ®C overnight. 
After ligation, the DNA bridge w as degraded by adding  10 pi DNase I. The
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reaction m ixture w as crudely purified by G-lOO spin column, w hich can remove 
m ost the 5' 17-mer and  small DNA fragm ents and further purified by gel 
purification. Both the DNA tem plate for the 59-mer RNA and  the DNA bridge 
w ere m ade by the M urdock M olecular Biology Facility (The University of 
M ontana).
tRNA construction using T4 RN A ligase
W ith this approach, the ligation poin t is between residue 33 and residue 
34 (Fig. 2.2). So the tw o fragm ents are residues com prised of 1-33 (33-mer) and 
residues 34-76 (43-mer). The 5' 33-mer w ith 4-thiouracil a t position 16
3-mer
(purple)
43-mer
(blue)
RNA ligase
Fig. 2.2 The schem e o f tRNA  construction u sin g  T4 RNA ligase
33-mer: chemically synthesized tRNA fragm ent w ith 4-thiouracil 
(black) a t position 16;
43-mer: in vitro transcribed tRNA fragm ent w ith  T7 RNA polymerase; 
Green: the ligation spot.
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(Dharmacon) was deprotected as described before. The 3' 43-mer w as transcribed 
in vitro w ith  T7 RNA polym erase as described before. The ligation procedure w as 
derived from  (Putz et al., 1991; W ang et al., 1981; W alker et al., 1975). First, 
equim olar am ounts of these tw o tRNA fragm ents w ere incubated at 70°C for 10 
m inutes in renaturing  buffer (20 mM M gCb, 50 mM  Tris-CI, pH=7.4). The 
m ixture w as slowly cooled to 45 °C over 50 m inutes, and  then  slowly cooled to 
room  tem perature over 1 hour. T4 RNA ligase, ATP and DTT w ere added  to final 
concentrations of Im M  and lOmM, respectively. The reaction m ixture was 
incubated at 4°C for 17 hours. It was stopped by phenol chloroform  extraction, 
w hich rem oved the enzyme, and the m anufactured tRNA w as purified by gel 
purification.
Form ing the tRNA***'®-phenanthroline adduct (tRNA-oP)
tRNA-oP w as prepared  by incubating native tRNA^^e (Sigma), that 
contains a naturally occuring 4-thiouridine at position 8, or m anufactured 
tRNA^H that contains 4-thiouridine a t position 16, w ith  loP (Molecular Probes) 
at a ratio of 1:5, in 50% acetonitrile (in 10 mM  Tris-HCl pH  7.4), a t room  
tem preture for 2 hours in the dark. The solvent w as rem oved in vacuo. The 
residue w as dissolved in 50 pi H 2O and purified w ith  a G-25 colum n (Sigma) to 
rem ove free loP.
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Aminoacylation of tRNA and acétylation
tRNAphe w as am inoacylated w ith  aminoacyl-tRNA synthetase (Sigma) or 
a crude extract from  E.coli (SI00) in the condition of 25 mM  Tris-CI, 25 mM  KCl, 
15 mM  M gCb, 5 mM DTT and 10 mM ATP. For S I00, the concentration w as 
titrated to obtain the maximal efficiency. The reaction m ixture w as incubated at 
37 °C for 30 m inutes and then stopped by phenol chloroform  exaction to rem ove 
the enzyme. Ethanol precipitation and centrifugation w ere applied  to pellet the 
aminoacyl-tRNA.
For N-acetylation of aminoacyl-tRNA, the pellet w as resuspended in 50 pi 
of 200 mM  sodium  acetate (pH=5.0) and p u t on ice. Acetic anhydride (2 pi) was 
added  every 15 m inutes for one hour. The resulting N-AcPhe-tRNAP^® was 
desalted w ith  a G-25 column. An ac id / urea gel (Varshney et al., 1991) was used 
to check the efficiency of aminoacylation.
S I00 was prepared  a t 4°C by chrom atography. E. coli cells (5 g) were 
disrupted  by grinding w ith  alum ina for 20 minutes. Cell debris and  alum ina 
w ere rem oved by centrifugation at 20,000g for 10 m inutes. Big cellular particles 
w ere rem oved by centrifugation at 30,000g for 20 m inutes twice. Then ribosomes 
w ere rem oved by centrifugation at 60,000 rpm  (Ti70) for 2.5 hours. The resulting 
supernatant was loaded on a DEAE column, which w as pre-equilibriated w ith  
solution I (10 mM Tris-CI, pH  7.5, 30 mM  N H 4CI, 10 mM  M gCh and 6 mM  p-
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mecaptoethanol). After w ashing the colum n w ith  500 ml of solution I to rem ove 
nucleic acids, proteins were eluted from  the colum n w ith  solution II (10 mM  Tris- 
CI, pH  7.5, 250 mM  N H 4CI, 10 mM  M gCh and 6 mM p-mecaptoethanol). 10ml- 
fractions w ere collected and the protein fractions w ere pooled according to 
absorbance a t A280.
Electrophoresis
[(N-acryloylamino) phenyl] mercuric chloride (APM) gel
APM gels w ere used to test the yield of tRNA-oP, w hich does not have 
free thiol group and w ould m igrate in an  APM gel as it w ould  in a norm al gel. 
Those tRNAs that did  not react w ith loP w ould be retarded  in an APM gel 
because of the interaction betw een APM and thiol group (Igloi, 1988). APM gels 
w ere 12% denaturing  polyacrylam ide (in 7 M urea and IX TBE) gel w ith  10 
p g /m l APM. IX TBE (90 mM  Tris-Borate, 2 mM  EDTA) w as used as running 
buffer and the electrophoresis was perform ed at constant current of 20 mA for 40 
minutes.
Acid/urea gel
The 12% ac id / urea polyacrylam ide gels w ere used to separate 
am inoacylated tRNA, N-acetyl-aminoacyl tRNA and deacylated tRNA. It w as 
m ade in lOOmM sodium  acetate (pH 5.0) and  7M urea (Varshney et al., 1991). The 
running  buffer w as 100 mM sodium  acetate (pH 5.0). A t this pH, the extra am ino
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group of am inoacylated tRNA is positively charged. N-acetyl-aminoacyl tRNA 
has this am ino group protected, bu t it still has larger size com pared to 
deacylated tRNA. The acidic nature of both the gel and  the running  buffer also 
neutralizes the negative charges on the tRNA phosphate backbone, causing the 
charge difference due to the am inoacylation to have a m ore significant effect on 
tRNA m igration. Thus, in ac id /u rea  gel, the am inoacylated tRNA m igrates 
slowest to the positive anode side, the deacylated tRNA m igrates fastest, and the 
N-acetyl-aminoacyl tRNA is in between. The gel w as ru n  at constant voltage of 
10 V / cm for 4 hours.
Filter binding assays
The efficiency of the tRNA binding to the ribosome w as determ ined by 
filter binding assay. Ribosomes (25 pmol) w ere first activated in the binding 
buffer (10 mM  Tris-CI, pH  7.4,150 mM KCl, and 10 mM  M gCh) in the presence 
of 10 ug  polyU at 37°C for 30 minutes. Increasing am ounts of labled tRNA 
were added  to the m ixture and the incubation was continued for another 15 
minutes. The binding reaction w as stopped by dilu ting to a final volum e of 1ml 
w ith cold binding buffer and im m ediately filtering th rough a nitrocellulose filter 
(Millipore, type HA, 0.45 uM). After rinsing the filter for 3 times w ith  1ml cold 
binding buffer, the radioactivity rem aining on the filter w as counted by liquid 
scintillation.
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Purom ycin reaction
Purom ycin is an  analog of the acceptor end of the A site tRNA. It can bind 
to the A site and react w ith  the P site tRNA, form ing peptide bond w ith  the 
aminoacyl m oiety of the P site tRNA. This reaction w as used to verify w hether or 
not an aminoacyl-tRNA was positioned at the P site on the ribosome. The 
procedure w as derived from  Rheinberger (Rheinberger et al., 1988). Essentially, 
i4C-Phe-tRNA w as bound to the ribosome at a 1:1 ratio in  the conditions as 
described before. For 25 pmol of ribosome, 1 pi of a freshly prepared  7.7 mM  
purom ycin (pH 8) w as added and the peptidyl transfer reaction w as allowed to 
proceed at 0®C for 30 minutes. The reaction w as stopped by adding  1 volum e of 
SOOmM NaOAc (pH 5.0) and the i^C-Phe-puromycin w as extracted by 200 pi 
ethyl acetate. By counting the radioactivity of the ethyl acetate w ith  liquid 
scintillation, the am ount of the ^^C-Phe transferred to purom ycin w as calculated.
D irecting the  tRNA to the P site, A site or E site of the ribosom e
All binding reactions w ere carried out in binding buffer and after 
ribosom e activation, as described before. For P-site binding, tRNAP^e (3:1) or N- 
AcPhe-tRNAP^® (2:1) w as added  and the incubation continued for 15 min. For A- 
site binding to poly U program m ed ribosomes, deacylated tRNAP^^ w as used to 
occupy the P-site first at 2:1 ratio. Next, stoicmetrical am ount of N-AcPhe- 
tRNAphe w as added. (Dabrowski et al., 1995; Lill et al., 1986; Rheinberger et al., 
1988; Rheinberger et al., 1981). For the E-site binding, the P-site w as blocked first
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by N-AcPhe-tRNAph® at a ratio of 1.5:1 of N-AcPhe-tRNA:70S. Then deacylated 
tRNAs w ere added  in a 2 fold excess to ribosomes.
Cleavage reactions
After tRNA-oP binding to 70S ribosomes, the cleavage reaction w as 
initiated by adding  CuS04 and a reducing agent, m ercaptopropionic acid (MPA). 
For 100 pm ol of tRNA, the final am ount of CuS04 and MPA w ere 500 pm ol and 
2mM, respectively. The reaction w as incubated at 0 °C for 1 hour and stopped by 
addition  of 150pl extraction buffer (0.3 M NaOAc, pH  5.0,1% SDS, 5 mM  EDTA). 
Phenol chloroform  extraction w as applied to rem ove ribosom al protein and the 
ribosomal RNA w as precipitated and resuspended in H 2O for prim er extension.
For the free loP cleavage reaction, a 20-fold excess am ount of loP was 
added to the ribosom e incubation m ixture and the am ount of copper was 
adjusted to equal the free loP am ount. The reaction w as carried out at 0 °C for 1 
hour, in the presence of MPA w ith a final concentration of 2 mM.
DM S chem ical p rob ing
U pon binding to the different sites of the ribosome, tRNA protects 
different sets of rRNA nucleotides from  DMS m odification (Joseph and  Noller, 
1996; M oazed and Noller, 1989a). Therefore, DMS chemical probing w as used to 
verify the occupation of tRNA binding sites in the ribosome. The m ethod was
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derived from  M oazed and Noller (1986). DMS (2 jil 1:6 dilution in 95% ethanol) 
w ere added  to 20 ^1 of the tRNA ribosom e complex (25 pmol), followed by 
incubation at 37°C for 10 m inutes or at 0°C for 1 hour. The reaction w as stopped 
by addition  of stop buffer (1.0 M Tris-CI, pH  7.5,1.0 M p-m ercaptoethanol, and 
0.1 mM  EDTA). Then the m odified ribosomes w ere precipitated by the addition 
of 2 volum es of cold 95% ethanol, pelleted by centrifugation and  resuspended in 
150 pi extraction buffer. Ribosomal proteins w ere rem oved by phenol chloroform 
extraction and rRNA w as precipitated by 2.5 volum e of cold 95% ethanol, 
vacuum  dried, and resuspended in H 2O for prim er extension.
Prim er extension
Prim er extension w as perform ed in four steps: prim er annealing, 
extension, chasing and stop, essentially as described in M oazed and Noller 
(1986).
Primer annealing: Prim ers are DNA oligos com plem entary to regions of 
rRNA. rRNA tem plate (2.5 p.1 of 0.25 pM) was m ixed w ith  2 pi prim er (the 
concentration varies depending on which prim er) in hybridization buffer (50 mM  
HEPES, pH  7.0,100 mM  KCl). The m ixture w as heated to 90*̂ C for 1 m inute and 
then slowly cooled to 45°C.
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Extension: The extension reaction was initiated by the addition  of 2 |al 
extension mix to reach a final concentration of 130 mM  Tris-CI, pH  8.5,10 mM 
MgCl2, 10 mM  DTT, 5.3 pM dATP, dCTP, dGTP, 0.28 pM dTTP, 1.1 pM [a-32p]- 
dTTP (7.2uCi) and  1.08 U /p l AMV reverse transcriptase. Then the reaction w as 
incubated at 42 °C for 30 minutes.
Chasing: Chase mix (1 pi of 1 mM  each dNTP) w as added  to the reaction 
mix followed by incubation a t 42 °C for 15 minutes.
Stop: The reaction was quenched by the addition of 75 pi precipitation 
buffer (70% ethanol, 84 mM NaOAc, pH  6.5, and 0.8 mM  EDTA, pH  8.0) at room  
tem perature for 15 minutes. The DNA transcripts w ere recovered by 
centrifugation at 13K (Savant pSpeedFuge SFR13K) for 15 m inutes at 4 °C. The 
pellets w ere vacuum  dried  and resuspended in lOpl tracking dye (7M urea, 
IXTBE, 0.025% brom ophenol blue and 0.025% xylene cyanol FF).
After denaturing  by heating to 90°C for 2 m inutes then quickly cooled on 
ice, 1.5pl of each sam ple w ere loaded on 6% polyacrylam ide gel (600mm x 
250mm) and ru n  a t 55W for 3-4 hours. Then the gel w as transfered to W hatm an 
3MM filter paper, vacuum  dried  and exposed to X-ray film  at 4®C for better 
resolution. The film w as developed after overnight exposure.
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Results and Discussion
*
Manufactured tRNA construction; comparison of T4 DNA ligase vs. T4 RNA 
ligase
M anufactured tRNA w as m ade w ith  T4 DNA ligase or T4 RNA ligase as 
decribed in  M aterials and  M ethods. C om paring these tw o enzym es, each of them  
has its ow n advantages for ligating RNA oligos. T4 DNA ligase has a lower Km 
value (from 10-  ̂to 10"  ̂M) for double-stranded polynucleotides (Engler and 
Richardson, 1982). For RNA ligation, the enzym e needs the presence of 
com plem entary deoxypolym er tem plates (Fareed et al., 1971; Sano and Feix, 
1974). O n the other hand, T4 RNA ligase is m ore robust for ligating RNA oligos 
bu t has low er specificity. It can produce several unexpected side products, such 
as circular and  oligomeric RNA molecules, unless the 3 '-OH term inus of the 
phosphate donor RNA is protected or destroyed (Romaniuk and  Uhlenbeck, 
1983; W alker et al., 1975).
In this project, for the ligation of two fragm ents of tRNA, T4 RNA ligase 
was found to be a better choice. tRNA has a tightly folded tertiary structure.
Even for a full-length (76-mer) DNA com plem entary "bridge" strand, it is still 
not easy to unfold these tw o fragm ents to form  the long double helical structure 
necessary for the T4 DNA ligase approach. N on-denaturing gel electrophoresis 
also show ed that there w ere some other structures form ing during  hybridization
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(results not shown). W hen using T4 RNA ligase this propensity  of tRNA to fold 
becomes an  advantage. In the presence of m agnesium , u nder renaturing  
conditions, the tw o tRNA fragm ents can fold together and form  a tRNA 
molecule w ith  a nick in the backbone, which greatly enhanced the local substrate 
concentrations and the specificity of the enzyme. In addition, the nick w as 
designed a t the anticodon region of tRNA, w hich w as very accessible to the 
enzyme. The yields of ligation w ith T4 DNA ligase and  T4 RNA ligase w ere 
estim ated to be around 10% and 70%, respectively, by denaturing  gel 
electrophoresis (Fig. 3.1).
1 2 3
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Fig. 3.1 Electrophoresis of ligation product w ith  12% denaturing  acrylam ide gel
(a): w ith  T4 RNA ligase;
Lane 1 (negative control): ligation w ithout enzyme;
Lane 2: ligation products;
Lane 3: E. coli tRNA.
(b): w ith  T4 DNA ligase;
Lane 1; E. coli tRNA;
Lane 2: ligation products;
Lane 2': In order to see ligated tRNA better, 5' fragm ent was radioactively 
labeled before the ligation. Lane2' show s the autoradiogram  of lane 2 w ith  5' 
fragm ent running  off the gel.
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A m inoacylation, acétylation, and  purification  of m anufactu red  tRNAP^® or E. 
coli tRNAP*»e
tRNA^he w as charged w ith aminoacyl tRNA synthetase (Sigma) or a crude 
extract from  E. coli cell lysate (SlOO). S I00 also contains nucleotidyl transferase, 
w hich can fix tRNA-A, or tRNA-CA to full length tRNA in the presence of CTP 
and ATP, therefore increasing the yield of aminoacylation. The am ino group of 
charged tRNA w as protected by acétylation w ith  acetic anhydride in order to 
stabilize the ester bond between tRNA and the am ino acid. The efficiencies of
. N -A c-Phe-tR N A
Phe-tR NA ------- D eacylated tRNA
^  tRNA fragm ent
Fig. 3.2: Electrophoresis of N-Ac-aminoacyl tRNA, am inoacyl tRNA, and 
deacylated tRNA w ith  ac id /u rea  gel (12% acrylamide, 7M urea, in lOOmM 
NaOAc, pH  5.0). Running conditions w ere constant lO V /cm  for 4 hours in 
lOOmM NaOAc, pH  5.0 running buffer.
Lane 1: am inoacylation of tRNA;
Lane 2: acétylation and am inoacylation of tRNA;
Lane 3: deacylated tRNA control.
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am inoacylation and acétylation w ere estim ated to be approxim ately 80% and 
close to 100%, respectively, by acid urea gel electrophoresis (Fig 3.2). The 
traditional approach for purifying N-AcPhe-tRNA from  uncharged tRNA is by 
colum n chrom atography w ith  a benzoyl-DEAE cellulose ion exchange colum n 
(Bergemann and N ierhaus, 1983). U nfortunately, this resin  is no longer available, 
so gel purification w as attem pted. In order to keep the charged tRNA intact, the 
gel elution step w as perform ed under very m ild conditions. The efficiency of this 
approach is rather low  and time consuming. C harged tRNA w as required for 
blocking the P site during  the E site probing or for the A site probing. Because 
the A site has m uch low er affinity for deacylated tRNA com pared to charged 
tRNA, the uncharged fragm ents should no t influence the A site probing. For the 
E site probing, the fragm ents should not be a problem  either, because E site 
binding requires intact tRNA.
D erivatization of tRNA-oP
The nucleophilic substitution reaction betw een loP and tRNA was 
perform ed under very m ild conditions for biological molecules. The thiol group 
of 4-thiouracil on tRNA is a good nucleophile. It attacks the carbon attached to 
the iodine on the loP molecule. Iodine is a good leaving group, which, com bined 
w ith the good nucleophile, m ake the form ation of tRNA-oP straightforw ard. The 
m echanism  for the attachm ent of Cu(II):phenanthroline to 4-thiouracil is show n 
in Figure 3.3. Two aspects of the reaction that m ust be paid  attention to
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NH
HO----- 1 O 1Cu
OHNH
OH OH
loP 4-thiouracil
Cu
NH
O 1HO P
OH
OH OH
4-thiouracil-oP
Fig. 3.3 The m echanism  of 4-thiouracil-oP form ation
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are the solubility of the reactants and the presence of com peting nucleophiles. 
loP has a large aromatic ring structure, w hich is very hydrophobic, w hile tRNA 
is hydrophilic. So the solvent has to be such that both  of them  are soluble. The 
em pirically determ ined optim al conditions derived from  previous experiments 
in our laboratory require 50% DMSO in the reaction buffer. The second 
im portant poin t is to avoid other nucleophiles in the reaction mixture. For 
example, the com m only used reducing agent DTT or P-mercaptoethanol can 
com pete w ith  the thiol in tRNA to react w ith  loP.
The purification for rem oving unreacted loP is very straightforw ard. Bio­
spin colum ns P-6 (Biorad) or G-50 (Sigma) can get rid  of alm ost all of the free loP 
w ith very little loss of tRNA. The efficiency of the reaction w as estim ated by 
exam ining the decrease in reactivity of the free thiol group on the tRNA that 
w ould accom pany derivatization. To do this, w e m ade use of APM ([(N- 
acryloylam ino)phenyl]m ercuric chloride) gel electrophoresis (Igloi, 1988). The 
m ercury group in the APM gel has high affinity for the free thiol groups, 
therefore causing a significant retardation  of tRNA containing an  underivatized 
4-thiouracil, while tRNA-oP m igrates as it w ould in a norm al gel (Fig. 3.4).
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tRNA binding to the ribosome
Previous studies have show n that tRNA transcripts are good substrates 
for ribosom es, although they bind less efficiently com pared to the native tRNAs 
(H arrington et al., 1993; Samuelsson et al., 1988). The incorporation of 
phenanthroline does not influence the binding of tRNA to  the ribosom e (Bullard 
et al., 1995). The following filter binding assays w ere perform ed w ith  native £. 
coli tRNA to study the binding features of tRNA and to test the functional quality 
of the ribosomes.
tRNA
tRNA-oP
Fig. 3.4 Electrophoresis of tRNA and tRNA-oP in an  APM gel (12% acrylamide, 
lOpM APM).
Lane 1: tRNA control;
Lane 2: tRNA loP reaction.
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P site binding
Deacylated tRNA was labeled, gel purified and bound to the P site of 
70S ribosom e under the conditions as described (M aterials and  M ethods). The 
binding efficency w as estim ated by filter binding assay. W ith the ratio of tRNA 
to ribosom e increasing from  1:1 to 4:1, the binding w as saturated  a t the ratio of 
3:1, and  the m axim um  binding efficiency reached approxim ately 60% (Fig. 3.5). 
A lthough deacylated tRNA can bind both the P site and the E site, the Km of P 
site binding w as show n to be about 100-times lower than  the Km of E site 
binding (Lill et al., 1984). Given that the binding w as perform ed at 15 mM 
m agnesium , recent data also suggested that deacylated tRNA bound in these
Fig. 3.5. The binding efficiency of deacylated tRNA to
the ribosome
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conditions has a preference for the P /E  site rather than  classical P site (Agrawal 
et al., 1999).
A com petition experim ent was perform ed to examine w hether the tRNAs 
bind to both the P and  E sites or only one site. Unlabeled tRNA (0.5-2 fold) was 
added  to com pete w ith  radioactively labeled bound tRNA. The binding curve, 
w hich w as alm ost linear, indicated that the majority of deacylated tRNA 
molecules w ere bound to one site (Fig. 3.6). For N -AcPhe-tRNA, the P site 
binding assay w as carried out at the ratio of 3:1 (N-AcPhe-tRNA: 70S). The 
charged tRNA w as labeled w ith  ^^C-Phe, and the efficiencies of binding to the 
70S ribosom e w ere 76%, and nearly all of those bound to 70S reacted w ith  
purom ycin, which indicated P site binding.
Fig. 3.6. Competition experiment of tRNA binding to
the ribosome
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It is w orth  m entioning that filter binding assay is a nonequilibrium  
m ethod for determ ining the am ount of tRNA-ribosome complex after perturbing 
the equilibrium . It is lim ited by its ability to detect only those complexes that 
survive the dilution and w ashing steps. There are presum ably m ore complexes 
form ed in solution than  the binding percentages calculated from  filter binding 
assay.
E site tRNA binding analysis by chemical protection
The critical characteristics of the E site are its strong preference for an 
intact deacylated tRNA 3' end, labile tRNA binding, and  insensitivity to changes 
of the ionic strength  (Grajevskaja et al., 1982; Kirillov et al., 1983; Lill et al., 1984; 
Parfenov and Saminskii, 1985; Rheinberger et al., 1981). Because E-site tRNA 
binding is so labile, E site binding w as exam ined by chemical protection instead 
of filter binding assay (Fig. 3.7). Binding tRNA to the ribosom al E site, shields a 
specific set of conserved nucleotides in 23S rRNA from  being m odified by DMS, 
CMCT and kethoxal (M oazed and Noller, 1989a). All of these nucleotides are 
located in loop regions of dom ain V. Among them , C2394 w as determ ined to 
have a direct contact w ith  tRNA A76 by a modification interference experim ent 
(Bocchetta et al., 2001). Therefore, chemical protection of C2394 upon  tRNA 
binding w ould suggest that a deacylated tRNA w as bound at E site on the 
ribosome, and that the tRNA had an intact CCA end. DMS modifies N7-G, N l-A ,
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G A B 3 4 6 7
■2394
Fig. 3.7 DMS m odification of 235 rRNA w ith tRNA bound at the E site
G, A: sequencing lanes;
B: 70S control;
1: C opper control;
2: Free loP negative control (A indication for the contam inant in the tRNA-oP 
directed cleavage reaction. The am ount of free loP in this negative control was 
at the sam e scale as the free loP contam inant w ith  tRNA-oP);
3: Free loP positive control (A indication for right cleavage condition. Large 
am ount of free loP  w as p u t in the reaction.);
4: E site m anufactured tRNA-oP;
5: 70S+DMS;
6: 70S+P site tRNA (Phe-tRNA)+DMS;
7: 70S+P site tRNA (Phe-tRNA)+E site tRNA (deacylated tRNA)+DMS.
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and N3-C at neutral pH  (Brookes and Lawley, 1961; Lawley and Brookes, 1963). 
It w as first used for probing the conform ation of RNAs in 1980 (Peattie and 
Gilbert, 1980). For unpaired  cytosines, DMS reacts w ith  their N3 and the 
resulting 3-methyl cytosine can be detected by prim er extension directly. 
Considering the background differences, C2394 w as heavily m odified by DMS 
both w ithout tRNA (lane 5) and  w ith P site tRNA (lane 6). The modification was 
dim inished in lane 7, suggesting that the deacylated tRNA w as bound at the E 
site.
P site p rob ing  w ith  tRNA-oP
N-AcPhe-tRNAP^® is a peptidyl tRNA analog, w hich occupies the P site of 
the ribosom e w ith  or w ithout the presence of poly U messenger. The traditional 
m ethod to verify correct P site binding, is called the purom ycin reaction (Traut 
and  M onro, 1964). Purom ycin is a tRNA CCA end analog. It can bind to the A 
site on the ribosome and react w ith  the P site tRNA. Therefore, if a charged tRNA 
can transfer its peptidyl moiety to purom ycin, then it m eans its peptidyl moiety 
was placed at the active site of peptidyl transferase and  the tRNA w as located at 
the classical P site. Cryo-EM data also show ed that N-AcPhe-tRNAP*^® as well as 
fMet- tRNA^Gt binds the classical P site or called P /P  site in hybrid m odel 
(Agrawal et al., 1996). N  - AcPhe-tRN A can also bind to the A site w ith  a 10-200 
times low er affinity, and it depends on the presence of poly U and the 
m agnesium  concentration (Lill et al., 1984).
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The P site is also the favored binding site for deacylated tRNA w ith  or 
w ithout the presence of poly U (Lill et al., 1984). Chemical m odification data 
indicated that w hen deacylated tRNA w as bound to the ribosom e in a buffer 
w ith  20-25 mM  m agnesium , it protected a set of bases including no t only the 
classical P site on the 30S (Moazed and Noller, 1986) bu t also the E site on the 50S 
(M oazed and Noller, 1989b), w hich defines the P /E  site in the hybrid state 
model. But w hen the buffer is changed to low m agnesium -containing (6mM 
Mg2+) polyam ine buffer, deacylated tRNA binds m ostly in the classical P site 
(Agrawal et al., 1999).
P-site tRNA-oP cleavage results
W hen N-AcPhe-tRNA-oP was bound to poly U program m ed ribosomes at 
a ratio of 2:1, m ultiple cleavage events w ere observed (Fig. 3.8). They w ere all 
located at dom ain V of 23S ribosomal RNA. W hen deacylated tRNA w as bound 
to ribosomes in the presence of poly U, tw o sets of major cleavages w ere 
produced by deacylated m anufactured tRNA (Fig. 3.8). The cleavage sites are 
sum m arized in Table 3.1.
Manufactured tRNA vs. native tRNA binding to the ribosome
A  com petition experim ent w as perform ed for the cleavage reaction w ith 
deacylated m anufactured tRNA-oP to see w hether or no t m anufactured
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Cleavage sites on 23S w ith  P-site bound tRNA
N-AcPhe-tRNA^*^^ A2060-A2062 G2112-U2113 A2169-A2171 C2285-A2287
Deacylated tRNA^*'® A2060-A2062 G2112-U2113 Very w eak Weak
Table 3.1. Sum m ary of cleavage sites on 23S, w hen tRNA w as bound to the P site 
of 70S ribosome.
tRNA binds to the ribosom e like native tRNA. A n excess m olar am ount of E. coli 
tRNA^^G w as added  to the reaction to com pete w ith  m anufactured tRNA-oP for 
binding to the P site. The cleavages w ere dim inished in intensity at A2062-C2063 
region w ith  increasing am ounts of E. coli tRNA^^e (Fig. 3.9(b)). This result 
suggested that the m anufactured tRNA^^^^-oP binds to the ribosom e in a way 
rem iniscent to that of native E. coli tRNA.
The cleavage sites will be grouped into regions and discussed in the 
following sections.
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A2060-A2062
G A B 1 2 3 4
G2112-U2113
G A  B 1 2 3 4
G A B 1 2 3 4
A2169-2171
C2285-A2287
Fig. 3.8 Cleavages directed by deacylated m anufactured tRNAP*^®-oP or N- 
AcPhe-tRN AP̂ ^̂ -oP
G, A: sequencing lanes 
B:70S ribosom e control
1: cleavages directed by deacylated tRNAPhe-oP at P site 
2; cleavages directed by N-AcPhe-tRNAPhe-oP at P site 
3: cleavages directed by N-AcPhe-tRNAPhe-oP at P site and 
deacylated tRNA-oP at E site
4: cleavages directed by N-AcPhe-tRNAPhe-oP at A site
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~G Â B ï 2 3 4
A2062-C2064
Fig. 3.9. a: cleavages directed by m anufactured tRNA-oP 
B: 70S control 
1: free loP control
2: E.coli tRNA-oP control G A B 1 2 3  4 5
3: m anufactured tRNA control 
4: m anufactured tRNA-oP 
directed cleavage
}A2062-C2064
Fig. 3.9. b: com petition experim ent w ith  E. coli tRNA
B: 70S control
1: 5' segment-oP control
2: 5' segm ent-oP+3'segm ent control
3: cleavage directed by E.coli tRNA and m anufactured tRNA 
w ith  ratio of 10:1 
4: cleavage directed by E.coli tRNA and m anufactured tRNA 
w ith  ratio of 5:1 
5: cleavage directed by m anufactured tRNA
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A2060-A2063 region
The cleavages A2060-A2063, are located betw een helix 73 and helix 74, 
a t the peptidyl transferase (PT) center (Fig. 3.10. A), w hich has been extensively 
investigated. In 1980's, the PT center w as first defined by crosslinking data. The 
CCA end of tRNAs w as show n to be crosslinked to this single stranded region in 
dom ain V, w hen they w ere bound to the A or P site of the ribosom e (Steiner et 
al., 1988). Besides rRNA, a num ber of ribosomal proteins w ere also show n to be 
involved in the PT center. As listed in Table 1.2, L27, L15, and L16 w ere 
crosslinked to the 3' term inus of tRNA at the A or P site. Very recently, a genetic 
approach suggested that L2 is absolutely required for the association of 
ribosomal subunits, and  is strongly involved in  tRNA binding to both A and P 
sites. The conserved His229 of L2 is extremely im portant for peptidyl-transferase 
activity (Diedrich et al., 2000).
Several antibiotics have been show n to act w ith  rRNA at the peptidyl 
transferase center by chemical protection studies, m utational m ethods and 
crosslinking. A m ong them , m acrolides including erythrom ycin and tylosin, were 
show n to interact w ith  2060 region. M utation of A2058G or A2059G causes 
resistance to m ost m acrolide antibiotics (Sander et al., 1997).
X-ray crystallography data suggested that 2060 region is very close to 
the catalytic center. And the proposed m ovem ent of A2062 upon  binding of a
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Fig. 3.10. The secondary structure of peptidyl transferase center and  2100 
pseudoknot region (URLih t t p : / / w w w .m a.icm b.utexas.edu)
A: peptidyl transferase center;
B; 2100 pseudoknot region.
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reaction interm ediate analog to the ribosome in the crystal structure yielded a 
m odel for the m echanism  of peptidyl transferase, w hich directly involves the 
2060 region (Nissen et al., 2000).
In sum m ary of previous data, 2060 region is a functional im portant 
region, w hich is located near peptidyl transferase catalytic center and probably 
close to the protein L15, L16 and L27.
Both N-AcPhe-tRNAP^®-oP and deacylated tRNA^®-oP cleaved this 
region. The intensity of the cleavages caused by charged tRNA-oP was m uch 
stronger than  that of deacylated tRNA-oP (Fig. 3.11). Also, the cleavage patterns 
are slightly different. For deacylated tRNA-oP, the cleavage center is a t C2063; 
while for N-AcPhe-tRN A- oP, the cleavage center is around G2061. U nder the 
experim ental conditions (see M aterials and M ethods), both charged tRNA-oP 
and deacylated tRNA-oP could bind to the P site on the ribosome. But deacylated 
tRNA prefers the P /E  site (Agrawal et al., 1999). Therefore, only a small 
population of deacylated tRNA w as not in the P /E  site, b u t w as rather in the 
classic P site, w hich agrees w ith  the results that deacylated tRNA created weaker 
cleavages in the 2060 region. Cleavages in this region by deacylated tRNA-oP 
w ere also seen before in our laboratory (Bullard et al., 1995). The slightly 
different cleavage pattern  generated by deacylated tRNA-oP suggested the small 
binding population was a t a site slightly different from  the classic P site.
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A2060-A2062
4SU16
2060 region
Fig. 3.11 The cleavages in  the 2060-2062 region of 23S rRNA and the three 
dim ensional m odel
Top: G, A: sequencing lanes;
B: 70S ribosom e control;
1: cleavages directed by deacylated tRNAPhe-oP a t P site;
2: cleavages directed by N-AcPhe-tRN APhe-oP a t P site;
3: cleavages directed by N-AcPhe-tRNAPhe-oP a t P site and 
deacylated tRNA-oP a t E site;
4: cleavages directed by N-AcPhe-tRN APhe-oP a t A site.
Bottom: 3-D m odel m ade by fitting 50S of Haloarcula m arism ortui (LI and  p art 
of dom ain V is missing) (Ban et al., 2000) w ith  tRNAs a t the A, P, E, and E2 sites 
(Agrawal e t al., 2000)
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Therefore, it is possible that some of the deacylated tRNAs w ere bound to an 
interm ediate state betw een the P and E sites on the 50S.
2100 pseudoknot region
A  pseudoknot is a higher order structural elem ent form ed by a loop 
structure base pairing w ith  another single stranded region. Based on 
evolutionary covariance studies, the 2100 region (Fig. 3.10. B) w as proposed to 
have a pseudoknot structure (Gutell and Woese, 1990). Between helix 76 and 
helix 77, bases 2111-2119 form  one loop. The second loop is betw een helix 77 and 
78, from  base 2162 to 2173. Am ong them, 2112 base pairs w ith  2169, and 2113 
base pairs w ith  2170 (Fig. 3.10. B). Based on sequence alignm ent, the second loop 
was also proposed to have a U -turn motif, which results in  a sharp  reversal of the 
RNA backbone following a uridine base (Gutell et al., 2000). The pseudoknot 
structure w as also confirm ed by crosslinking data (Doring et al., 1991).
The 2100 region is the binding site for protein LI. Both LI and 2100 
region w ere show n to be crosslinked to the central fold region of tRNA (Osswald 
et al., 1995; Podkowinski and  Gornicki, 1991; Rosen et al., 1993), w hen tRNA was 
bound to the P site. E site tRNA w as crosslinked to LI (Osswald et al., 1995). 
Chemical probing data indicates that the 2100 region is protected by E site tRNA 
binding (Moazed and Noller, 1989a). Previous studies in our laboratory also 
show ed that oligodeoxyribonucleotides com plem entary to nucleotides 2109-2119
59
com pete w ith  tRNA for E-site binding (Lodmell et al., 1993), and the tRNA 
transcripts w ith  4-thiouridine cleaved G2168-A2170 in the presence of yeast 
tRNA (Bullard et al., 1995). X-ray crystallography data also show ed that this 
region together w ith  LI form  the LI stalk of the 50S subunit. In  sum m ary, this 
2100 pseudoknot region was show n to be located around E site in the crystal and 
involved in E site binding.
Figure 3.12 shows, both N-AcPhe- tRNA^^^® -oP  and  deacylated 
tRNA '̂^G _oP cleaved the 2100 pseudoknot region. A lthough the lane for charged 
tRNA has darker background, the cleavage intensities are alm ost the same. 
Deacylated tRNA, as m entioned before, prefers the P /E  site. Therefore, it is not 
surprising that the resulting cleavage pattern  on 50S has E site characteristics. 
Charged tRNA w as bound at the P site, which w as confirm ed by the purom ycin 
reaction. There are tw o possible explanations for the P site bound tRNA cleaving 
2100 region. One is that the cleavages w ere caused by small am ount of free loP 
contaminant. The other possibility is that autocleavage of tRNA m ight generate 
fragments, which w ould  be free to m ove around and cleave in the 2100 region. In 
general, the cleavages in this region are not very strong, suggesting that either 
the tRNA engages in a very labile interaction w ith  the ribosom e or that the 
distance betw een position 16 of charged tRNA and  the 2100 pseudoknot region 
of 23S rRNA is alm ost reaching the m axim um  for tethered Cu(II) :phenanthroline 
cleavage.
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I . OG2112-U2113
A2169-2171
«SU16
mRNA
1
Fig. 3.12 M anufactured tRNA-oP directed cleavages in the 2100 
pseudoknot region and the crystal structure of E-site tRNA on the 
ribosome.
Top: G, A: sequencing lanes
B:70S ribosome control
1: cleavages directed by deacylated tRNAPhe-oP a t P site 
2: cleavages directed by N-AcPhe-tRN APhe-oP at P site 
3: cleavages directed by N-AcPhe-tRNAPhe-oP a t P site and 
deacylated tRNA-oP at E site 
4: cleavages directed by N-AcPhe-tRNAPhe-oP at A site 
Bottom: E-site tRNA on the ribosom e (Yusupov et al., 2001)
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Cleavages at C2285-A2287
C2285-A2287 is w ithin the loop region separating helix 81 and helix 83 
(Fig. 3.13). N ot m any studies have been done around this site. Crosslinking data 
supported  tha t this region is dose to the central fold region of tRNA w hen tRNA 
w as bound a t the P site (Osswald e t al., 1995), w hich agrees w ith  w hat w e saw 
(Fig. 3.14). C harged tRNAP*^-oP cleaves clearly more intensely than deacylated 
tRNAP^ -oP, w hich suggests tha t this region is closer to the classic P site. These 
results are also supported  by X-ray crystallography. In the crystal of 70S-tRNA
2285-2287
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Fig. 3.13 The secondary structure of 2285-2287 region
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1
}C2285-A2287
C2285-A2287
P-tRNA
2252 
r^2253  
2451
4SU16
Fig. 3.14 M anufactured tRNA-oP directed cleavages a t the 2285-2287 region and 
the crystal structure of the P site tRNA (Yusupov et al., 2001)
Top: G, A: sequencing lanes 
B:70S ribosome control
1: cleavages directed by deacylated tRNAPhe-oP a t P site 
2: cleavages directed by N-AcPhe-tRN APhe-oP at P site 
3: cleavages directed by N-AcPhe-tRNAPhe-oP a t P site and  
deacylated tRNA-oP at E site 
4: cleavages directed by N-AcPhe-tRNAPhe-oP a t A site 
Bottom: the P site tRNA on the ribosome
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complex, three tRNAs w ere bound and interpreted as though  they w ere binding 
to the classical A, P, and  E sites (Yusupov et al., 2001). For the P site tRNA local 
environm ent, helices 74, 80, 81 and 85 stack together, form ing a structure parallel 
to the acceptor stem  and the T stem  of the P site tRNA. The loop region betw een 
helix 81 and  83 w as show n to be on the side facing tRNA and on the LI side of 
the elbow region (Fig. 3.14). Because the detailed structural inform ation of this 
crystal is still no t available, the distance betw een tRNA U16 and 23S C2285- 
A2287 in the crystal can not yet be calculated. The w eak cleavages directed by 
deacylated tRNA-oP could still be explained as m inor non-P /E  site binding.
E site p rob ing
The E site probing was perform ed by blocking the P site first w ith N- 
AcPhe-tRNA-oP at a ratio of 1:1 (tRNAiribosome). Then a two-fold excess of 
deacylated tRNA-oP w as added  to occupy the E site. The cleavage pattern  
obtained w as from  both the P and E sites (Fig. 3.8 lane 3). C om pared to the 
cleavage events caused by P site N-AcPhe-tRNA-oP (Fig. 3.8 lane 2), there are no 
obvious differences for either cleavage sites or intensity, w hich suggested that 
the E site tRNA-oP d id  no t create any unique cleavage pattern.
DMS probing suggested that there w ere enough tRNAs bound to the E 
site to protect C2493 from  modification. But because E site binding w as so labile 
and  its off rate is so rapid  (Lill et al., 1984), it is possible tha t w ithin  such a short
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binding time, phenanthroline could not carry ou t enough strand  scissions to be 
detected by prim er extension.
A site probing
The A site probing w as perform ed by blocking the P site w ith 
deacylated tRNA first followed by the addition of N-AcPhe-tRNA-oP at a ratio of 
2:1 (tRNAiribosome). Three sets of bases w ere cleaved on the 23S rRNA. They are 
the 2060 region, nucleotides 2286-2288, and nucleotides 2169-2170 (Pig. 3.8 lane 
4). In addition, there w ere also some strong single-base RT stops in this lane, 
w hich appear to be atypical of tairgeted phenanthroline cleavages. The typical 
phenanthroline cleavage pattern  has a cleavage center, w here it is attacked most. 
A round the center cleavage intensity generally gradually decreases, form ing an 
envelope. This is because phenanthroline is a chemical nuclease w ithout absolute 
sequence specificity. The intensity of cleavage should be mostly distance 
dependent, though it prefers certain conform ations of RNA.
Com pared to the P site cleavage pattern, the A site tRNA caused 
stronger cleavage at the 2060 region, w hich indicates that position 16 of A site 
tRNA is closer to the 2060 region than  that of P site tRNA. For the cleavage set 
2169-2170, it is possible that free loP contam ination or fragm ents from  
autocleavage caused the observed pattern, since a great deal of evidence has 
show n that this region belongs to the E site. In the crystal structure (Yusupov et
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al., 2001), the 2286-2288 region, is show n to be the local environm ent of P site 
tRNA (Fig. 3.14). So, the N-AcPhe-tRNA-oP that were supposed to bind to the A 
site, apparently  ended up  cleaving around  the classical P site. There are two 
possible explanations. Charged tRNA has higher affinity to the P site than 
deacylated tRNA and it is possible that some of them  replaced the P site 
deacylated tRNA and cleaved at the P site.
A nother possible explanation is based on the hybrid state model. In the 
hybrid state model, the m ost stable state on the ribosome for the deacylated 
tRNA is the P /E  site. Likewise, peptidyl tRNA is bound to the A /P  site before 
translocation bu t after the peptide bond formation. In the experim ental 
conditions investigated, the deacylated tRNA for blocking the P site m ight have 
bound to the P /E  site. Then, the charged tRNA-oP w as bound at A /P  site, and 
yielded the cleavage pattern  for P site on the 50S subunit. Crosslinking data have 
also show n that the central fold dom ain of A site tRNA is close to helix 38, a 
peptidyl transferase loop, and  ribosom al protein L I6, L27, and S19 (Osswald et 
al., 1995).
In sum m ary, w hen tRNA is bound at the P site, position 16 of tRNA is 
close to nucleotides 2286-2288 of 23S rRNA. It is close to the 2060 region at both 
the A and P sites. A nd at P /E  site, position 16 of tRNA is close to the 2100 
pseudoknot region.
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p site probing from position 8 with native E. coli tRNA***'®
N ative E. coli tRNA^^^'^has one naturally occured 4-thiouridine base 
located at position 8, w hich can be attached w ith loP readily (data not shown). 
W hen the native tRNA-oP is bound to the 70S ribosom e in the presence of polyU 
at a ratio of 3:1 (tRNA: ribosome), it cleaved the 2100 pseudoknot region (Fig. 
3.15). The cleavage is not very strong.
G A 1 2 3 4 G A 1 2 3 4
2112 - ]
2169-
Fig* 3.15 The cleavages directed by native E. coli tRNA-oP
G, A: sequencing lanes 
1: 70S control
2: 70S tRNA complex control 
3: free loP control
4: cleavage sites directed by E. coli tRNA-oP
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Like position 16, position 8 is around the elbow region of tRNA. 
Instead of on the surface of elbow region, it is located right inside the elbow 
region (Fig. 3.16). So it is m uch less exposed. Cleavages in the 2100 pseudoknot 
region suggested that the deacylated tRNA-oP w as probably bound at the P /E  
site. A nd the tRNA has to rotate to expose the inner elbow region to the LI stalk 
side. Com bined w ith  the results from  position 16 probing, it suggested two 
binding sites for deacylated tRNA, after it leaves the classic P site. A nd a 
rotational m ovem ent of deacylated tRNA m ight be involved, w hen it transits 
from  one to the other. Cryo-EM data suggested another binding state of tRNA on 
the ribosome called E2 site. In this state, the inner part of elbow region of tRNA 
faces directly to the LI stalk (Agrawal et al., 1998).
Free loP  p rob ing  w ith  ty losin  in  the presence or absence of tRNA
Tylosin as a m em ber of m acrolide antibiotics, and  acts through the 
2060 region of peptidyl transferase center. Since data from  this study showed 
that the tRNA interacts w ith  this region, tylosin w as used to do further 
investigations. 5-substituted phenanthroline has conform ational selectivity, 
therefore it was used to probe any conform ational change or direct protection 
due to tylosin binding.
The results (Fig. 3.18) show ed that com pared to the cleavage pattern  
on the em pty 70S ribosome, the cleavage pattern  around nucleotide 2060 d id  not
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90*
Fig. 3.16. Three dim ensional location of position 8 and position 16 of tRNAPhe
Green: position 8 
Blue: position 16
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U16
U8
Fig. 3.17 The E and E2 site tRNAs (Agrawal et al., 2000)
Purple: the E site tRNA;
Yellow: the E2 site tRNA;
Grey: the A, Apep and P site tRNAs.
change w ith  the presence of either tylosin or tRNA. But in the presence of both, 
loP w as no longer able to cleave the 2060 region, w hich indicates a 
conformational change in this region or a synergistic protection. Crystal 
structural evidence has suggested that the 2060 region is actively involved in the 
peptidyl transferase activity and tha t m ovem ent m ay occurr at the base of 2062
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w hen the interm ediate analog of peptidyl transfer w as bound to the ribosome 
(Nissen et al., 2000). O ur results suggest that tylosin binding m ight force this 
region to be locked in one conform ation (the state in which no loP cleavages 
occur in 2060 region) and block the conform ation switch back to  the state in 
w hich loP can cleave the 2060 region. It w ould be significant interest to have a 
crystal structure of tylosin ribosome complex.
G A B l  2 3  4 5
j- 2060-2064
Fig. 3.18. The addition  of tylosin changes the free lOP cleavage pattern  in the 
2060 region of 23S ribosom al RNA.
G, A: sequencing lanes;
B: blank control;
1: 70S + tylosin + copper + MPA;
2: 70S + tRNA + loP + copper + MPA;
3: 70S + tRNA + loP + copper + MPA + tylosin;
4: 70S + loP + copper + MPA;
5: 70S + loP + copper + MPA + tylosin.
71
Conclusions
1. 4-thiouracil w as successfully incorporated at position 16 of m anufactured 
tRNA, and this m anufacutured tRNA w as show n to bind to 70S ribosome in a 
w ay rem iniscent to that of native E. coli tRNA by the com petition experiment.
2. The cleavage sites observed suggest a path  through the ribosome from  the 
2060 region (strong A site cleavage), to the 2286-2288 region (major P site 
cleavage), then to the 2100 pseudoknot region (weak, labile E site cleavage). 
But a few m ore controls should need to be done to eliminate free loP 
contam inations and confirm these results.
3. W eak cleavages a t the 2100 pseudoknot region from  both postion 16 and 
position 8 of deacylated tRNA together w ith  the fact that charged tRNA and 
deacylated tRNA cleaved the 2060 region w ith  slight difference, suggests that 
there m ight be m ore than  one binding site on the 50S for deacylated tRNA 
after it leaves the P site. But there are other possible explanations. New 
experim ents need to be designed to test this hypothesis.
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4. The tylosin project show ed that the cleavage pattern  of Cu(II):phenanthroline 
changed w hen both tRNA and tylosin w ere bound to the ribosome. It 
indicates an  interaction am ong the tRNA, tylosin and rRNA.
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